Dental caries results from innumerable metabolic episodes of acid and base formation by bacteria in dental biofilm. If, over time, there is a drift in the acidogenic response of the biofilm toward lower pH values, induced by dietary carbohydrates, a caries lesion is likely to develop ([@CIT0001]). A sucrose-rich diet has been shown to increase the amount of biofilm formed ([@CIT0002]) and its acidogenicity ([@CIT0003]). Moreover, the bacterial composition is changed toward a more aciduric community ([@CIT0004], [@CIT0005]). Studying pH in dental biofilm provides information about its acidogenic potential and therefore contributes to our understanding of the process of caries formation.

Already in the 1940s, Stephan ([@CIT0006]) highlighted the relationship between the pH-response in bacterial deposits following a carbohydrate exposure and the caries activity in individuals. Stephan used a rather crude method for his analyses by pooling plaque samples and measuring bulk pH with an electrode. Later, ion-specific telemetry with indwelling electrodes (placed in crowns or dentures of test persons) was used to measure pH in undisturbed biofilms *in vivo* ([@CIT0007], [@CIT0008]). While pH telemetry gives reliable recordings of pH at the plaque-electrode interface, the method is expensive and time-consuming, and therefore limited to small study populations. More recently, the development of microelectrodes (Beetrode MEPH-1; tip diameter 0.1 mm) has made it possible to study vertical pH gradients in biofilms ([@CIT0009], [@CIT0010]). A few studies have employed even thinner microelectrodes with tip diameters of 10--15 µm to analyze carbohydrate-induced pH profiles within *in-situ-*grown dental biofilms ([@CIT0011], [@CIT0012]). Von Ohle et al. ([@CIT0012]) elegantly demonstrated steep pH gradients, with the lowest pH in the deepest part of biofilms collected from one person. However, the use of microelectrodes disturbs the original structure of the biofilm and does not give information about horizontal pH gradients in biofilms in real time.

Battin and co-workers ([@CIT0013]) advocate that biofilms should be viewed as microbial landscapes and emphasize the importance of investigating the ecology of biofilms spatially. It has been shown that the architecture of natural (*in vivo*) dental biofilms comprises distinct ecological niches ([@CIT0014], [@CIT0015]). Therefore, pH mapping in all dimensions is of great importance for a better understanding of the processes leading to caries.

Quantitative confocal microscopic techniques, such as pH ratiometry, can overcome the limitations of microelectrodes. We have recently developed a method using the ratiometric dye C-SNARF-4 to reliably monitor extracellular pH in *in-situ*-grown dental biofilms microscopically ([@CIT0016]). A pH-dependent shift in the emission spectrum of the dye is exploited to record fluorescence intensities and correlate them to pH, irrespective of probe penetration and compartmentalization. In this study, the technique is used to systematically record extracellular pH in deep layers of young (in this paper defined as 48 h) *in-situ*-grown dental biofilms collected on glass slabs from 10 individuals. We hypothesize that not only does the pH in biofilms differ between individuals but also between different areas within single biofilms grown on one glass slab. In addition, we hypothesize that more pronounced extracellular pH drops occur in biofilms grown with repetitive exposure to sucrose compared with biofilms grown without exposure to sucrose.

Methods {#S0002}
=======

Study participants {#S0002-S20001}
------------------

Ten healthy volunteers participated in the study (9 females and 1 male, age: 22--36). The study was approved by The Central Denmark Region Committees on Biomedical Research Ethics (M-20100032). Written informed consent was obtained from the participants following oral and written information about the study. The exclusion criteria and the design of the *in situ* model have previously been described in detail ([@CIT0017]).

*In situ* biofilm collection {#S0002-S20002}
----------------------------

All participants wore an individually designed acrylic splint in the lower jaw in which four custom-made non-fluorescent glass slabs with a surface roughness of 1,200 grit (Menzel, Braunschweig, Germany) had been inserted into the buccal flanges of each side for biofilm collection ([@CIT0017]). The glass slabs were sterilized by autoclaving before being inserted into recessions in the splint with sticky wax (Densply, Weybridge, UK). The volunteers wore the splint during two 48-h experimental periods, each beginning at 8 am. During the first experimental period, the volunteers removed the splint every 2 h during daytime (eight times a day) and immersed the right-side flange in physiological saline for 2 min (sucrose-free group) and the left-side flange in a 4% sucrose solution for 2 min (sucrose group), the latter to imitate a situation where the individual consumes a diet rich in fermentable carbohydrates. Based on studies by Imfeld ([@CIT0008]), a concentration of 4% sucrose was chosen to achieve pH drops within the optimal pH range of the pH-sensitive probe (pH=4.5--7) ([@CIT0016]). The first immersion was performed 30 min after the splint was inserted. Fresh solutions were provided for each day of the experiment. During the second experimental period, the volunteers repeated the procedure described above but immersed the left-side flange in physiological saline (sucrose-free group) and the right-side flange in the sucrose solution (sucrose group). At the end of each experiment, the glass slabs were removed from the splints and stored at room temperature in humid containers until microscopic analysis (\<6 h). For methodological reasons, only one sample could be analyzed at a time. For each participant (*n*=10) and for both experimental periods, eight 48-h biofilm specimens were analyzed (four from each side of the splint), yielding a total of 160 biofilms. The order of analysis of the specimens alternated between specimens from the saline immersion side and specimens from the sucrose immersion side.

Biofilm pH imaging with C-SNARF-4 {#S0002-S20003}
---------------------------------

An inverted Zeiss LSM 510 META (Carl Zeiss, Jena, Germany) confocal microscope was used for image acquisition. The 543 nm laser line was used and fluorescence emission was monitored simultaneously within 576--608 nm (green) and 629--661 nm (red) intervals (META detector). The images were acquired using a C-Apochromat 40x/1,2 water-immersion objective. An XL incubator (PeCon, Erbach, Germany) was used to keep the microscope at a temperature of 37°C. Calibration data of C-SNARF-4 for our microscopic set-up and the resulting calibration curve have been published previously ([@CIT0016]). pH analysis of the biofilms was performed in pooled salivary solution ([@CIT0018]) titrated to pH 7.0, and glucose was added to a concentration of 0.4% (wt/vol). Custom-made wells were filled with 100 µl of salivary solution mixed with 2 µl (50 µM) of C-SNARF-4 and placed under the confocal microscope. Then glass slabs were placed in the custom-made wells with the biofilm facing downward (*t*=0).

For each participant, experimental period and treatment group, pH was monitored for 1 h following the glucose challenge in two replicate biofilms and for 15 min following the glucose challenge in another two replicate biofilms. For 1-h monitoring, six fields of view (FOV) per biofilm were imaged at seven consecutive time points. The first image was captured after 5 min. For 15-min monitoring, three FOV per biofilm were imaged as often as possible (6--8 times), starting at *t*=2 min. Images were acquired 5--10 µm from the biofilm-glass interface for each microscopic FOV.

Pilot experiments were conducted to exclude the possibility of drift in the measuring system of the microscope. A plaque sample on a glass slab was incubated for 16 h in HEPES buffer (pH 5.5) and then placed in a custom-made well with 100 µl HEPES buffer (pH 5.5) and 2 µl of C-SNARF-4. Two FOV were imaged at seven time points during 1 h, as for the experimental biofilms. Subsequent image analysis and ratio calculation showed the extracellular pH to be constant over time (data not shown).

Digital image analysis {#S0002-S20004}
----------------------

Postprocessing of all images to determine extracellular pH following the glucose challenge was done using the programs daime (digital image analysis in microbial ecology, v. 2) ([@CIT0019]) and ImageJ ([www.imagej.nih.gov/ij/](http://www.imagej.nih.gov/ij/), v.1.47) ([@CIT0020]). The analysis has been described in detail previously ([@CIT0016]). Briefly, daime was used to distinguish between bacterial cells and extracellular matrix in the images and to remove the bacterial biomass from all images. Image J was used to subtract background fluorescence and to calculate the average ratios between green and red fluorescence in the extracellular matrix of the biofilm images. Average ratios for each examined FOV and time point were then converted to pH values according to the calibration equation (see equation (1) in Schlafer et al. ([@CIT0016])). A summary of the study design is provided in [Supplementary Fig. 1.](http://www.journaloforalmicrobiology.net/index.php/jom/rt/suppFiles/30390/0)

Statistical analysis {#S0002-S20005}
--------------------

The data comprised recordings of extracellular pH and time of recording of this pH as observed in 1) six FOVs in each of the four specimens at seven time points over a 1-h period or 2) observed in three FOVs in each of the four specimens at 6--8 time points over a 15-min period, from each of the two experimental periods. The 1-h pH/time data were considered to have a hierarchical structure with FOV (*n*=6) nested in specimens (*n*=4) nested in individuals (*n*=10) yielding a total *n*=240; the 15-min pH/time data had a hierarchical structure with FOV (*n*=3) nested in specimens (*n*=4) nested in individuals (*n*=10) yielding a total *n*=120. In the 1-h data, the pH versus time curve for each FOV was used to estimate, by interpolation, the pH during five fixed time intervals: 3--4 min, 6--7 min, 12--13 min, 29--30 min, and 59--60 min. These pH values correspond to the average pH value in each of these 1-min intervals in the FOV. In the 15-min data the pH versus time curve for each FOV was used to estimate, by interpolation, the pH value at three fixed time intervals: 3--4 min, 6--7 min, and 12--13 min.

The data were analyzed using mixed-effects linear regression procedure xtmixed of STATA 13 (StataCorp, College Station, TX, USA) to account for the three-level hierarchical structure of the data. This analysis amounts to a variance-components analysis and provides estimates of the average pH, as well as estimates of the between-individuals variance (var~*subject*~), the between-specimen within-individual variance (var~*specimen*∣*individual*~), and the between FOV within-specimen within-individual variance (var~*FOV*∣*specimen\ &\ individual*~) of the pH values. Analyses were made for each time point and for each immersion solution (saline or sucrose). The significance of the variance components was tested using the likelihood-ratio test, and pH changes were tested using paired-tests between time intervals.

Results {#S0003}
=======

[Figure 1](#F0001){ref-type="fig"} and [Supplementary Fig. 2](http://www.journaloforalmicrobiology.net/index.php/jom/rt/suppFiles/30390/0) show representative examples of the extracellular pH curves from three individuals during the 15- and 60-min experiments in the absence and presence of sucrose, respectively. For both experimental groups, the observed pH drops differed considerably between different FOVs from one biofilm, between different specimens from the same individual, and between individuals ([Figs. 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}, and [Supplementary Fig. 2)](http://www.journaloforalmicrobiology.net/index.php/jom/rt/suppFiles/30390/0). These differences were usually maintained until the end of the observation period (60 min).

![pH curves from three individuals with different patterns of pH drops (sucrose-free group). Each curve represents the average pH of a field of view. Different colors represent different specimens. (a)--(c) show data from the 15-min analysis and (d)--(f) from the 60-min experiment.](JOM-8-30390-g001){#F0001}

![Ratiometric monitoring of extracellular biofilm pH with C-SNARF-4. (a)--(c) and (d)--(f) show two different fields of view (FOV) in one biofilm from the sucrose-free group. (a) and (d) show overlays of the red and green fluorescent emissions of a C-SNARF-4-stained biofilm after exposure to 0.4% glucose. The dye concentration is the highest inside bacterial cells, which allows removal of the bacterial biomass from the images via digital image postprocessing. (b) and (c) show the FOV in (a) after removal of the bacteria and ratiometric pH calculation, 8 and 63 min after exposure to glucose, respectively. For visualization, false colors are assigned to each pH. The average pH dropped from 6.48 (in b) to 6.04 (in c). (e) and (f) show the FOV in (d) after removal of the bacteria and ratiometric pH calculation, 5 and 60 min after exposure to glucose, respectively. The average pH dropped from 5.90 (in e) to 5.12 (in f). Bars=20 µm.](JOM-8-30390-g002){#F0002}

The variance components analyses showed significant variation between individuals (var~*individual*~), between specimens within individuals (var~*specimen*∣*individual*~), and between FOV within specimens (var~*FOV*∣*specimen\ &\ individual*~) at every time interval ([Table 1](#T0001){ref-type="table"}; for examples, see [Fig. 1](#F0001){ref-type="fig"} and [Supplementary Fig. 2](http://www.journaloforalmicrobiology.net/index.php/jom/rt/suppFiles/30390/0)). While var~*specimen*∣*individual*~ tended to be the greater source of variation, the two other variance components were similar, being only slightly lower than var~*specimen*∣*individual*~. None of the variance component estimates decreased over time. Moreover, the analysis indicated similar values of the three variance components for biofilms from the sucrose-free group and the sucrose group ([Table 1](#T0001){ref-type="table"}).

###### 

Variance of biofilm pH between individuals (var~*individual*~), between specimens within individuals (var~*specimen*∣*individual*~), and between field of view (FOV) within specimens within individuals (var~*FOV*∣*specimen\ &\ individual*~) at different time intervals in the sucrose-free group and the sucrose group.

                                              From 15-min experiment[a](#TF0001){ref-type="table-fn"}   From 60-min experiment[b](#TF0002){ref-type="table-fn"}                                                                                             
  ------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- -------------------------------------------- -------------------------------------------- --------------------------------------------
  var~*individual*~ (se)                      0.020 (0.014)                                             0.026 (0.018)                                             0.030 (0.020)                                0.021 (0.016)                                0.030 (0.022)
  var~*specimen*∣*individual*~ (se)           0.038 (0.012)                                             0.052 (0.015)                                             0.048 (0.014)                                0.047 (0.013)                                0.066 (0.020)
  var~*FOV*∣*specimen\ &\ individual*~ (se)   0.021 (0.003)                                             0.017 (0.003)                                             0.019 (0.003)                                0.028 (0.003)                                0.061 (0.006)
                                                                                                                                                                                                                                                            
                                              From 15-min experiment[a](#TF0001){ref-type="table-fn"}   From 60-min experiment[b](#TF0002){ref-type="table-fn"}                                                                                             
                                                                                                                                                                                                                                                            
                                              3--4 min                                                  6--7 min                                                  12--13 min                                   29--30 min                                   59--60 min
                                                                                                                                                                                                                                                            
  Sucrose experiment                          (*n*=120)                                                 (*n*=120)                                                 (*n*=117)[c](#TF0003){ref-type="table-fn"}   (*n*=236)[c](#TF0003){ref-type="table-fn"}   (*n*=231)[c](#TF0003){ref-type="table-fn"}
                                                                                                                                                                                                                                                            
  var~*individual*~ (se)                      0.040 (0.022)                                             0.042 (0.025)                                             0.031 (0.021)                                0.021 (0.017)                                0.026 (0.023)
  var~*specimen*∣*individual*~ (se)           0.027 (0.009)                                             0.047 (0.014)                                             0.056 (0.017)                                0.055 (0.015)                                0.086 (0.025)
  var~*FOV*∣*specimen\ &\ individual*~ (se)   0.022 (0.003)                                             0.026 (0.004)                                             0.025 (0.004)                                0.026 (0.003)                                0.053 (0.005)

15-min experiment: *n*=10 individuals×4 glass slabs×3 FOV=120;

60-min experiment: *n*=10 individuals×4 glass slabs×6 FOV=240;

in a few instances, extracellular pH could not be determined owing to the microscopic field being entirely covered by bacterial cells.

Extracellular pH dropped in all biofilms from the sucrose-free group after addition of saliva containing 0.4% glucose ([Fig. 3](#F0003){ref-type="fig"} (black datapoints)). The mean pH for all FOVs of this group dropped to 6.39 at the 3--4 min interval, and to 5.63 at the 59--60 min interval ([Fig. 3](#F0003){ref-type="fig"} (black datapoints)). All FOVs taken together, half of the final H+ ion concentration (at 60 min) was reached after 16.7 min. In most FOVs, the pH drop was steeper initially. Nevertheless, pH continued to fall throughout the experimental period ([Figs. 1](#F0001){ref-type="fig"} and [3](#F0003){ref-type="fig"}).

![Mean extracellular pH values of all examined fields of view in five fixed time intervals. The first three time intervals (3--4 min, 6--7 min, 12--13 min) are based on the 15 min data and the last two intervals (29--30 min, and 59--60 min) on the 60-min data. Black data points show the mean pH±se for the sucrose-free group and white data points show the mean pH±se for the sucrose group.](JOM-8-30390-g003){#F0003}

Biofilms in the sucrose group showed similar extracellular pH drops as biofilms in the sucrose-free group. The mean pH value in the extracellular space decreased from 6.38 at the 3--4 min interval to 5.59 at the 59--60 min interval ([Fig. 3](#F0003){ref-type="fig"} (white datapoints)). As in the biofilms grown without sucrose, an initially rapid pH drop was observed, with half of the final H+ ion concentration being reached after 18.6 min. No statistically significant differences were observed in mean pH between the two treatment groups during any of the analyzed time intervals (3--4 min, 6--7 min, 12--13 min, 29--30 min, or 59--60 min).

Discussion {#S0004}
==========

The present study applies ratiometric imaging to systematically record the extracellular pH in young dental biofilms from several individuals for time periods up to 60 min. We demonstrate that the pH drops differ between sites from different individuals, between sites from different specimens, and within single biofilms grown on one glass slab. It is well known that large inter-individual differences exist in biofilm formation rate, architecture and microbial composition ([@CIT0021]--[@CIT0024]), as well as host-specific differences in saliva flow and chemistry ([@CIT0025], [@CIT0026]). Consequently, differences in the pH drops between individuals were expected ([@CIT0008], [@CIT0010], [@CIT0027]). However, it was surprising that the variation in the pH drops was not more pronounced between individuals than between specimens from the same individual, and even between FOVs from the same specimen in the same individual. These results shed new light on dental biofilm metabolism, providing evidence for a pronounced chemical heterogeneity within thin developing dental biofilms.

We assume that five key processes influence pH in the biofilms in this study: 1) supply of glucose and buffering ions, 2) oxygen depletion, 3) bacterial acid production, 4) bacterial acid consumption, and 5) diffusion of acids within and out of the biofilms. Glucose limitation is not likely to account for the observed differences in pH within the same biofilm, because it is delivered in excess and diffuses readily in the thin (10--30 µm) biofilms ([@CIT0028]). Moreover, Schlafer et al. ([@CIT0029]) have previously shown rapid pH drops in deeper layers of five-species laboratory biofilms (up to 70 µm) upon exposure to 0.4% glucose. Likewise, buffering ions deriving from the salivary solution should penetrate quickly through the thin biofilms. The observed differences in pH within the same biofilm typically arose within short time (\<5 min; see [Fig. 1](#F0001){ref-type="fig"} and [Supplementary Fig. 2](http://www.journaloforalmicrobiology.net/index.php/jom/rt/suppFiles/30390/0)), indicating that oxygen depletion and acid production occur at different rates in closely juxtaposed areas. As soon as differences in pH are present within one biofilm, diffusion of H^+^ ions starts, thereby counteracting the chemical gradient. Still, pH microenvironments were conserved throughout the observation period. This is particularly interesting, as the reaction chamber represents a closed system without fresh medium supply and clearance of acids. Diffusion was not able to compensate for the continuously higher production of H^+^ ions in what we might call 'acidogenic hot spots' in the biofilms.

Several factors might explain the presence of acidogenic hot spots in a biofilm. First, differences in the bacterial composition within a biofilm might result in different metabolic activities. Studies have documented the existence of distinct microcolonies of bacterial species or genera in both *in-situ*-grown dental biofilms ([@CIT0021], [@CIT0030]) and in biofilms on natural teeth ([@CIT0014], [@CIT0015]), which could reflect an altered ecological milieu in some areas compared with others. Second, different metabolic activities might derive from bacteria being in different physiological states, depending on the area of the biofilm. It has been shown that bacterial vitality varies across dental biofilms ([@CIT0031]), and differential access to nutrients and metabolites, as well as the presence of water channels ([@CIT0032]), might potentially impact acid production and diffusion. Finally, the role of the extracellular matrix for the conservation of acidic microenvironments must be appraised. Recently, the spatial distribution of pH in a mixed-species biofilm model consisting of *Streptococcus mutans*, *Actinomyces naeslundii*, and *Streptococcus oralis* was recorded, and the authors demonstrated low-pH areas inside complexes of exopolysaccharide, arguing that the extracellular matrix might act as a barrier against diffusion of metabolites between microenvironments ([@CIT0033]).

Importantly, the presence of acidogenic hot spots in close spatial relation to biofilm areas with low acid production may contribute to explain the observation of adjacent areas with demineralization and remineralization on tooth surfaces. Progressive demineralization of the dental hard tissues is likely to occur underneath acidogenic hot spots in the biofilm, as shown by the multifocal pattern of demineralization in microradiographs of root caries lesions ([@CIT0034]).

The initial pH drop found in this study is in accordance with previous findings and resembles the initial phase of a classical Stephan curve ([@CIT0006]). We assume that oxygen depletion in the reaction chamber by the biofilm bacteria occurs quickly in our experimental model due to the small size of the custom-made wells. Fermentation of glucose is enhanced as soon as anoxic conditions are reached in certain areas of the biofilm, and the pH begins to drop ([@CIT0035]). After some time, acid production slows down, possibly because of the toxic effect of the fermentation acids on the acidogenic bacteria ([@CIT0036], [@CIT0037]). This was also seen in the present study, where half of the final H^+^ ion concentration was reached after less than 20 min in both experimental groups. It should be emphasized that biofilm pH in this study was recorded *ex vivo* in small custom-made wells without flow and clearance of metabolites. Restoration of near-neutral pH, as seen in a classical Stephan response *in vivo*, could therefore not occur. Interestingly, even though the rate of the pH drop decreased with time, pH continued to fall throughout the experimental period, supporting a continued acid production. Compared with other studies investigating biofilm pH upon exposure to carbohydrates, pH drops observed in the present study were moderate ([@CIT0010], [@CIT0012]). The fact that we studied thin, young biofilms from caries-free individuals may serve as an explanation. Xiao et al ([@CIT0033]) observed observed a positive correlation between biofilm thickness and pH in deep layers of the biofilm. Furthermore, smaller pH drops in 2-day-old biofilms than in older biofilms have been documented previously ([@CIT0007], [@CIT0008]). Finally, regardless of other factors caries-free individuals may elicit a reduced pH-response to sugar challenge compared with caries-active individuals ([@CIT0006], [@CIT0038]).

It was an unexpected finding that the pH drops did not differ between biofilms exposed to sucrose and biofilms grown without repetitive sucrose supply. While other studies have shown an increased acid production in biofilms exposed to sucrose during growth, these results were obtained for older biofilms ([@CIT0005], [@CIT0039]). In studies using pH telemetry ([@CIT0007], [@CIT0008]), pH drops below 5--5.5 were not observed until after 2 days of growth. As our biofilms were collected from healthy, caries-free individuals with an early microflora that is unlikely to comprise high numbers of aciduric microorganisms ([@CIT0040]), we conclude that it takes more than 2 days with regular sucrose exposure to modulate species composition and biofilm metabolism.

Our method implied analysis of extracellular pH under static conditions. The absence of flow and consequently the lack of acid clearance obviously impact the study results. Different pH profiles might be observed under flow conditions. On the one hand, constant supply of fresh saliva with neutral pH and the removal of protons might reduce pH drops at the bottom of the biofilm. On the other hand, removal of protons from the biofilm may reduce diffusion of protons between acidogenic hot spots and sites with low acid production leading to a more pronounced difference in pH between these sites. As biofilms were incubated with saliva titrated to pH 7 at the beginning of an experiment, the baseline pH value was not actually calculated. Such calculations would be difficult as pH drops during sample handling before the first image acquisition. However, control biofilms incubated with glucose-free sterile saliva showed a constant pH of 7 (data not shown). A clear drawback of microscopy-based pH recordings is that monitoring of multiple FOV reduces the number of time points that can be collected for each individual FOV. Comparison of the 15-min data (three FOV per biofilm) with the 60-min data (six FOV per biofilm) showed that the initial rapid pH drop in the biofilms was underestimated in the 60-min experiments. We therefore combined data from both series of experiments for interpretation. Other technical difficulties regarding image acquisition and image analysis have been discussed elsewhere ([@CIT0016], [@CIT0041]).

In conclusion, the present study is the first of its kind to apply the combination of pH ratiometry and digital image analysis to systematically record extracellular pH in intact dental biofilms from 10 individuals for up to 1 h. We revealed heterogeneous pH landscapes within the three-dimensional biofilm architecture, including the presence of acidogenic hot spots. The data suggest that sucrose supply during growth does not affect pH development in young dental biofilms. Future studies should explore the importance of acidogenic hotspots for caries development.

Supplementary Material
======================

###### Monitoring of extracellular pH in young dental biofilms grown *in vivo* in the presence and absence of sucrose

###### 

Click here for additional data file.

###### Monitoring of extracellular pH in young dental biofilms grown *in vivo* in the presence and absence of sucrose

###### 

Click here for additional data file.
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